The application of inorganic nanostructures for solar water splitting is currently limited by our understanding of photochemical charge transfer on the nanoscale, where space charge layers are less effective for carrier separation. Here we employ surface photovoltage spectroscopy to measure the internal photovoltages in single crystalline platinum/ruthenium-modified Rh-doped SrTiO 3 nanocrystals for the first time. Voltages of À0.88 V and À1.13 V are found between the absorber and the Ru and Pt cocatalysts, respectively, and a voltage of À1.48 V for a Rh:SrTiO 3 film on an Au substrate. This shows that the Pt and Ru cocatalysts not only improve the redox kinetics but also aid charge separation in the absorber. Voltages of +0.4 V, +0.6 V, and +1.2 V are found for hole injection into KI, K 4 [Fe(CN) 6 ], and methanol, respectively, and a voltage of À0.7 V for electron injection into K 3 [Fe(CN) 6 ]. These voltages correlate well with the photocatalytic performance of the catalyst; they are influenced by the built-in potentials of the donor-acceptor configurations, the physical separation of donors and acceptors, and the reversibility of the redox reaction.
Introduction
Solar water photoelectrolysis with suspended photocatalysts is regarded as the most direct and inexpensive avenue to sustainable fuels from solar energy. [1] [2] [3] [4] [5] [6] [7] [8] [9] The efficiency of such catalysts is currently limited by our understanding of charge separation on the nanoscale. 5, 10, 11 On the nanoscale, space charge layers are no longer effective, and the kinetics of photochemical charge transfer and the corresponding junction potentials are controlled by states at solid-solid and solid-liquid interfaces. 12, 13 These junction potentials are difficult to probe with electrochemical methods because of the coupling of charge transfer with Faradaic processes at the solid-liquid interface. The overpotentials associated with the Faradic processes are generally unknown 14, 15 or require specialized techniques for measurement. 16 Furthermore, charge transfer through films is slow and associated with a current dependent Ohmic potential drop across the films. 17, 18 These two effects obscure the true photovoltage at nanoparticle interfaces. Here we demonstrate that solid-solid and solid-liquid junction potentials at nanoparticle interfaces can be directly measured with surface photovoltage spectroscopy (SPS). 19, 20 In SPS a contactless Kelvin Probe probes the formation of photodipoles in a capacitive arrangement without the limitations of charge transfer resistance. The higher sensitivity allows the observation of localized charge transfer states with small optical cross sections. 17, [21] [22] [23] [24] [25] [26] [27] [28] As a model system we use single crystalline nanoparticles of Rh-doped SrTiO 3 . SrTiO 3 is an established photocatalyst for overall water splitting under UV light only, 18, 21, [29] [30] [31] but it can be converted into a visible light responsive material upon doping with Cr, 32 Cr/Sb, 33, 34 Cr/Ta, 35 Rh, 36, 37 Ni/Ta, 38 and
Cr/La. 39 These materials have been shown to catalyze the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) in the presence of sacrificial agents and under visible light. 33, 37 The Rh and Cr-doped systems have also been successfully employed as photocathodes in Type 2 Tandem devices for the overall water splitting reaction. To determine the photocatalytic properties of Rh:SrTiO 3 for the visible light driven hydrogen evolution reaction (HER), irradiation experiments were performed in 50 mL of 20 vol% methanol in water (Fig. 3A) as a function of pH (8, 3.5, adjusted with sulfuric acid). Generally the 3% Rh samples yield higher HER rates than the 1% Rh samples, which is a result of improved visible light absorption. Rates were higher in acidic solution
). A further boost of the HER was achieved by the addition of Pt or Ru cocatalysts ( Fig. 3B and C) . At pH 3.5 the particles produced 68 mmol g À1 h À1 for the 1% Pt sample and 95 mmol g À1 h À1 for the 2% Pt sample; Ru cocatalysts generally gave lower rates of 45 mmol g À1 h
À1
. Overall, the H 2 activity of the nanocrystals is lower than the value of 160 mmol g À1 h À1 for a microcrystalline powder. 36 This is likely a result of the small size of the absorber and reduced electron-hole separation. The HER gain with noble metal cocatalysts is generally attributed to the improved proton reduction kinetics, 46, 52 with Ru having approximately 10 times smaller exchange current density (log i 0 = À4.2) for proton reduction than Pt (log i 0 = À3.1). 53, 54 However, as we show in View Article Online the following, the metal cocatalysts also contribute to photochemical charge separation at the interface with the absorber. To measure this effect, surface photovoltage (SPV) spectra were recorded on thin films of the catalysts on a gold substrate (Fig. 4A ). In SPS, the variable surface potential of a photocatalyst film is recorded under illumination with variable monochromatic light in the IR to UV range ( V OC (STO/Ru) = À0.88 V. This is much below the thermodynamic limit for this configuration, as will be discussed below.
To evaluate photochemical charge transfer at the absorber surface, SPS measurements were repeated after soaking the Rh:SrTiO 3 nanocrystal films with dilute solutions of various redox reagents, followed by drying in air. This places the photocatalyst in direct contact with the redox reagents and with their reaction products under illumination, to allow for quasiequilibrium similar to photocatalytic conditions, despite the lack of a solvent. As can be seen from This is due to photochemical oxidation of these redox species (see inset) during selective hole transfer from the light absorber. Conversely, the addition MVCl 2 or K 3 [Fe(CN) 6 ] reduces the voltage by 1.24 V and 0.73 V, respectively, due to electron injection from the absorber, with concurrent electrochemical reduction of the sacrificial reagents. Using the energy diagram in Fig. 6 , the measured open circuit potentials (V OC in brackets) can be related to the built-in potentials V bi of the nanoscale junctions (eV bi = E CB (absorber) À E F (acceptor) for electron transfer and eV bi = E VB (absorber) À E F (acceptor) for hole transfer). For example, electron transfer from Rh:SrTiO 3 to the metal cocatalysts is thermodynamically favored, with eV bi (STO/Pt) = À2.3 eV and eV bi (STO/Ru) = À1.4 eV driving Table S1 ). The same considerations govern charge transfer between the nanoscale absorber and the molecular redox reagents. With ferricyanide as a sacrificial electron acceptor, for example, V OC (STO/K 3 [Fe(CN) 6 ]) = À0.73 V is observed out of a theoretically possible V bi = À1.42 V. This lower experimental value is due to the proximity of the redox reagent to the absorber, which puts electron donation in competition with hole donation. Another factor is the low intensity of the exciting light beam (0.1 mW cm À2 at 3.0 eV), which limits the reducing power (quasi Fermi level) of the light absorber, as explained previously. 25 6 ] contact V OC = +0.6 V. This is within 66% and 75% of the theory, as a result of the more reversible character of these redox reagents. Overall, these experiments establish the oxidative power (oxidation potential) of illuminated Rh:SrTiO 3 as +1.5 V vs. NHE. Water oxidation at this potential is not achieved because of the slow kinetics of hole transfer to water. However, as the SPS data show, it is enough for the oxidation of ferrocyanide. Indeed, if Rh:SrTiO 3 /Pt is illuminated in 0.05 M aqueous K 4 Fe(CN) 6 with visible light (4400 nm), continuous H 2 evolution can be observed (Fig. 3D) . The initial rate of 80 mmol g À1 h À1 approaches that in aqueous methanol despite the lower reducing power and competitive light absorption by ferrocyanide. This is because the illumination power for the ferrocyanide irradiation is much higher (380 instead of 112 mW cm
À2
). A blank test of the photocatalyst without any sacrificial donor does not lead to hydrogen evolution (Fig. S4, ESI † 0.78 eV of free energy per absorbed photon are converted into free energy. However, the actual energy conversion is lower, because of the small quantum efficiency of the process (o0.1%). The low quantum efficiency is due to the low visible absorption of the catalyst (see photos in Fig. 2) . A higher efficiency might be possible by increasing the Rh 3+ dopant concentration to above 3 mol%. Also, over time the rate decreases due to competing light absorption of the formed ferricyanide at o500 nm (Fig. S5 , ESI †) and because of the back reaction of the catalyst with the oxidized reagent, as evident in the SPS experiment with K 4 [Fe(CN) 6 ] in Fig. 5 . Nevertheless, the reaction demonstrates that a photosynthetic reaction can be achieved with a transition metal-doped nanoscale absorber.
Experimental
Chemicals Strontium hydroxide octahydrate (99%, Alfa Aesar), titanium(IV) oxide (Aeroxide P25, Acros organics), titanium(IV) oxide (powder, 99.8%, Aldrich), potassium hydroxide (99.9%, Fisher Scientific), Methanol was added to films as neat liquid and other reagents were added to films as solutions (0.05 mL of 0.01 M) and dried in air. 
Characterization
Transmission electron microscopy (TEM) images were taken using a Philips CM-12 TEM with an accelerating voltage of 120 kV. Bright field high-resolution transmission electron microscopy (HRTEM) images were taken using a JEOL 2500SE HRTEM with an accelerating voltage of 200 kV. To prepare the samples, copper grids with carbon films were dipped into aqueous dispersions of the catalysts, washed with pure water and air dried. Powder X-ray diffraction was conducted with a Scintag XRD at a wavelength of 0.154 nm, with 2 mm tube slit divergence, 4 mm scatter, 0.5 mm column scatter and 0.2 mm receiving widths. The sizes of the nanoparticles were calculated using the Scherrer Equation with five most intense peaks in each diffraction spectrum and averaged. UV-Vis diffuse reflectance spectra were recorded using a Thermo Scientific Evolution 220 Spectrometer. To prepare the samples, the aqueous dispersions of the catalysts were drop-coated on white Teflon tape and then dried in air. The reflectance data were converted to the Kubelka-Munk function as f (R) = (1 À R) 2 6 ] aqueous solution in a quartz glass flask. The flask was purged with argon and the solution mixture was irradiated with light from a 300 W Xe arc lamp filtered through a 400 nm long pass filter (0.22 M sodium nitrite solution). The power density at the flask was measured using an International Light IL1400BL photometer equipped with a GaAsP detector in the 280 to 660 nm sensitivity range (see Fig. 3 caption) . The airtight irradiation system was connected to a Varian 3800 gas chromatograph (with a 60/80 Å molecular sieve column and a thermal conductivity detector) to identify the gas and measure the amount of gas evolved.
Conclusions
In conclusion, we have created well-defined composites of single crystalline 1-3 mol% Rh-doped SrTiO 3 nanocrystals and Pt or Ru cocatalysts. Based on optical spectra and SPS, the absorber particles are n-type and Rh is in the +3 oxidation state, contrary to Rh:SrTiO 3 made by solid state synthesis. 36, 50 Visible light driven H 2 evolution is observed from aqueous methanol and [Fe(CN) 6 ] 4À solutions, supporting a photosynthetic process with 0.78 eV energy deposition per photon in the latter case. For the first time, photovoltage information has become available to gauge photochemical charge separation and junction potentials at the nanoscale. Intermediate potentials of À0.88 to À1.13 V are observed at the absorberPt(Ru) interfaces, and large potentials at the absorber -gold interface (À1.48 V). This shows that the Pt and Ru cocatalysts not only improve redox kinetics, but also aid charge separation in the absorber. The selectivity of charge transfer (electron versus hole) is controlled by the built-in potentials, the spatial separation between donors and acceptors and by the electron View Article Online and hole diffusion length. At a longer distance electron transfer is preferred. Photochemical charge transfer to the molecular redox couples is controlled by the electrochemical potential gradient of the light absorber-acceptor configuration and by the reversibility of the redox couple. These findings provide new insight into the factors that determine the amount of free energy that can be drawn from the nanostructured solar energy conversion devices. They will contribute to the design of more efficient systems for artificial photosynthesis.
